Dip coating was employed to apply low temperature co-firing ceramic (LTCC) zinc molybdate coatings to the surfaces of Ni-coated Cu conductor wires. Zinc molybdate ceramic powders were synthesized via a solid state route; ceramic suspensions for dip coating were prepared by mixing the LTCC powders in an organic solution. By optimizing the dip coating parameters and subsequent heat treatment, ceramic films, with a typical insulation thickness of 47.3 μm and dielectric strength of 24.2 kV·mm -1 , were formed on the surfaces of Ni test discs. The processing parameters were transferrable to the coating of Ni-coated Cu wires; the resulting wires exhibited an insulation thickness of 40.3 μm and breakdown voltage of 798 V.
INTRODUCTION
IN response to demands for increasing electrical capacity in 'More Electric Aircrafts', embedding electrical machines (e.g. motors and generators) in locations near air compressor chamber would make the aircraft more reliable and more efficient [1] . However, the harsh operational environments would, in turn, challenge the embedded machines. For a generator installed at the core of an aircraft engine, the cooling air temperature will be typically 350 ºC; additionally, the generator temperature rise on full load will be 100 to 150 ºC. Therefore, the winding insulation system will operate at a minimum temperature of 500 ºC. Any increase in the operating temperature would however lead to an increase in the machine current loading and thus an increase of power density. Such a high operating temperature will therefore challenge electrical wires to be used for machine windings in terms of both conductors and insulation.
In principle, Ni-coated Cu conductor wires can be used for most high temperature power applications [2] , because the Cu core can preserve the high electrical conductivity and the Ni coating can prevent oxidation of the Cu core at operational temperatures. Wang et al [3] reported losses of electrical conductivity of Ni-coated Cu wires under thermal ageing conditions and correlated the losses of conductivity to Ni-Cu interdiffusion. In spite of thermal ageing-induced conductivity losses, Ni-coated Cu wires are the only feasible industrial solution to the high temperature conductor problem.
Insulation materials used for machine winding systems are usually polymeric materials (e.g. polyimide, silicone rubber). The highest long-term operation temperature for such materials is about 240 °C. Thermal degradation of polymeric insulation materials would lead to eventual failure of the insulation system [4] . More advanced nanocomposite systems (polymer materials with inorganic fillers) are being investigated for high temperature applications [5] ; however, the slight improvement in the thermal stability of nanocomposites is unable to meet the ambitious temperature requirement [5] . Being thermally stable and having adequate dielectric properties, ceramic insulators (e.g. Al 2 O 3 , AlN) could be used for high temperature insulation applications [6] . Compared to conventional polymeric insulation materials, ceramic insulators have much higher dielectric constant values. This raises potential concerns that the increased relative permittivity of ceramic insulation will lead to a reduction in the propagating velocity of any voltage step imposed by drive electronics. This would increase the likelihood of an uneven voltage distribution within the machine winding and thus an elevation of turn-to-turn voltages. However, as the majority of aerospace machines are likely to be randomly wound, the worst case situation would be that full voltages are imposed across the insulation. Therefore, separating individual turns remains the key design factor.
With the availability of many ceramic insulator candidates, applying ceramic coatings to the surface of a conductor (e.g. Ni-coated Cu wire) remains the main challenge. There are a number of advanced ceramic coating techniques available in the market; these include physical/chemical vapor deposition [7] , spin coating [8] and electrophoretic deposition (EPD) [9] . However, expensive manufacturing costs could limit the use of these techniques in an industrial environment. Kreidler et al [9] used a dip coating technique to apply alumina coatings to the surfaces of platinum wires and, afterwards, fired the system at temperatures higher than 1300 °C to form dense ceramic insulation coatings. The work demonstrated the use of the inexpensive dip coating technique for the manufacturing of ceramic-coated wires for high temperature power applications. For the case of Nicoated Cu conductor wires, the melting temperature of Cu (1081°C) places an upper limit on the processing temperature for the co-firing process.
An innovative approach to this problem is to replace high temperature fired coating materials with ceramics that can be fired at relatively low temperatures. The low temperature cofiring ceramic (LTCC) technology has been developed over several decades and, as a result a number of suitable LTCC candidates are available in the market [10] . Our recent work [11] reported processing details as well as dielectric and thermal properties of a novel LTCC material. The material, based on a nominal formulation of 11ZnO-10MoO 3 , was sintered at a low temperature of 850 °C and was found to have sufficient dielectric and thermal properties, thus making the material a suitable candidate for the dip coating and cofiring application [11] .
Dip coating has been employed by many researchers to apply ceramic coatings to metallic substrates [12] [13] [14] [15] [16] [17] [18] . A variety of parameters can affect the state of the coatings and resulting properties of the coatings; these include the viscosity of starting suspension and dipping times. In the present work, we intend to apply the low temperature cofired zinc molybdate material, developed in the previous work, to the surfaces of Ni-coated Cu conductor wires and optimize the dip coating process.
EXPERIMENTAL METHODS

PREPARATION OF CERAMIC SUSPENSIONS FOR DIP COATING
The solid state synthesis route was used to produce the powders of the LTCC material. Powders of a nominal composition ZnO:MoO 3 of 11:10 were prepared from 99.95% purity powders (Alfa-Aesar). Mixing and milling were carried out by using propoan-2-ol and 5 mm diameter yttriastabilized-zirconia (YSZ) milling media. The calcination was carried out at 700 °C for a period of 16 hours. The calcined powders of NSZM were mixed with 1 wt% B 2 O 3 then milled for 24 hours and dried in the oven. More details of the solidstate synthesis of the LTCC powders can be found in Ref [11] .
Ceramic suspensions used for dip coating were modified based the formulations used for tape casting [19] . The suspensions were prepared using 5, 10, 15 and 20 vol% NSZM10B ceramic powders and a polyvinyl butyral (PVB) based binder system with solvents and organic additives as listed in Table 1 . The fish oil, santicizer 160 and the butvar-76 powders were obtained from Sigma-Aldrich. In order to homogenize the mixture, the suspensions were milled for a further period of 8 hours using YSZ balls.
A Brookfield TC-501 Rheometer was used to characterize the above suspensions. Eight ml of the prepared suspension was decanted into an SC4-R chamber, integrated with an SC-14 spindle; the chamber was 61.5 mm in height and 19.1 mm in internal diameter. The set-up was connected to the rheometer. The evaporation of the volatile solvent was reduced by covering the sample chamber with aluminum foil. The shear stress was then measured as a function of shear rate and the viscosity was subsequently calculated. 
CERAMIC COATING NI DISCS BY DIP COATING
Ni discs of 12 mm diameter and 0.5 mm thickness were prepared. Planar surfaces of the discs were polished and cleaned.
The cleaned Ni discs were immersed in the ceramic suspensions at a rate of 10 mm/s; the discs were retracted at 4 mm/s after being immersed for 10 seconds; a DC100 dipcoater, Mega UK, was used to control withdrawal rate. The dip coated discs were dried then co-fired at 500 °C for 2 hours with heating and cooling rates of 60 °C/hour; the whole sintering process was undertaken in an air atmosphere.
CHARACTERIZATION OF THE DISC COATINGS
As-fired surfaces of the ceramic coatings were visually examined; digital pictures of the co-fired Ni discs were taken with a Nikon D500 camera. The microstructures of coatings without major cracks (identified by visual inspection) were studied in detail by a Philips XL 30 Scanning Electron Microscope (SEM). For SEM investigations, the samples were attached to aluminum stubs by carbon adhesive tape; a thin layer of carbon was sputtered on the top surfaces to prevent charging by the electron beam.
For cross-sectional analysis the Ni discs were mounted in epoxy resin and sectioned perpendicularly to the ceramicmetal interfaces. The cross-sections were ground on 1200, 2500 and 4000 grade SiC papers, polished by colloidal silica suspension, cleaned by acetone, dried and finally sputtered with a thin layer of carbon. The microstructure and thickness of the sintered coatings were examined by use of a Philips XL 30 scanning electron microscope (SEM). Dielectric strengths of the co-fired coatings were determined by the experimental arrangement shown in Figure  1 . Before breakdown tests, the co-fired coatings on Ni discs were ground on 1200 SiC paper to remove the ceramic coating from one planar surface; this was placed on a steel electrode (100 mm×100 mm). A spherical brass electrode, 8 mm in diameter, was placed on the top, ceramic surface of the disc. Both electrodes were attached to a high voltage transformer (Trek 20/20B, 50Hz). All breakdown tests were performed in air at room temperature. The voltage was increased at a rate of 50 V s -1 until breakdown occurred, defining the breakdown voltage. The dielectric strength was calculated from the breakdown voltage and the thickness of the specimen by Equation (1): where E b is the dielectric strength, U b is the breakdown voltage and d is the insulation thickness. Ten specimens were tested for each sample to reduce the error of the measurement.
DIELECTRIC STRENGTH MEASUREMENTS
CERAMIC COATINGS ON NI-COATED CU WIRES
The defined optimum ceramic loading for the suspensions (Table 1 ) and processing conditions for the films were transferrable to the coating of Ni-coated Cu wires.
For the wire coating process, Ni-coated Cu wires were cleaned in an ultrasonic bath. The wires were quickly immersed in the suspension of 15 vol% ceramic loading. After 10 seconds of immersion, the wires were withdrawn from the suspension by a DC100 dip coater; the withdrawal rate was 4 mm/s.
After dipping, the coatings were left in a fume cupboard for drying and then sintered at 500 °C for 2 hours with both heating and cooling rates of 1 °C/minute; the co-firing process was undertaken in air.
The coated wires which were free of major cracks were studied in detail by SEM, both along the length of the wires and in cross section. The SEM samples were carbon coated to prevent charging in the SEM.
BREAKDOWN TESTS ON CO-FIRED WIRES
The wire-to-ground breakdown voltages of the co-fired wires were measured using the method described by Wang et al [20] . The experimental arrangement shown in Figure 2 was employed. Ceramic insulation on one end of the co-fired wires was removed by grinding the wires on SiC papers. Covered by the ceramic insulation, the other wire end was attached to a brass plate. The wire specimens were held tightly by insulation tapes. The wire end with ceramic coatings being removed was connected to a high voltage amplifier, function as an electrode; the brass plate functioned as the other electrode.
The voltage between electrodes was increased at 50 V/s until a breakdown occurred. Ten wire specimens were tests to reduce uncertainty. Figure 3 shows the shear rate as a function of shear stress for ceramic suspensions containing 5 to 20 vol% ceramic powder. Whilst there is a near linear dependence, with gradients decreasing with increasing loading, it is more instructive to plot the data in terms of viscosity against volume fraction (Figure 2) . The calculated values for viscosity come from the use of Einstein's Equation for the viscosity of a solid loaded suspension [21, 22] :
RESULTS AND DISCUSSION
RHEOLOGICAL BEHAVIOR OF STARTING SUSPENSIONS
where is the viscosity of the suspension, is the viscosity of the solvent and is the volume fraction of the ceramic powders. The experimental and calculated data in Figure 3 (for a shear rate of 60 s -1 , equivalent to the withdrawal speed employed) are in agreement, particularly for loadings of 15 vol% and lower, and show that the viscosity increased with the volume fraction of ceramic powders. This trend is consistent with earlier work for different ceramic suspensions [23, 24] . Figure 5 shows photographs of the co-fired Ni discs prepared from suspensions of 5, 10, 15 and 20 vol% ceramic. It is clear that coatings prepared from 10 and 15vol% loading were more uniform in terms of film thickness and surface consistency. Table 2 .
EFFECT OF SOLID LOADING ON COATING MORPHOLOGY
It was noted ( Table 2 ) that the film thickness increased dramatically with the viscosity of the starting suspension. This is consistent with the findings of Lee et al [17] for work on alumina films. The dependence of film thickness on the viscosity of the suspension is described by Scriven's equation [12] :
where d is the film thickness, c 1 is a coefficient relating to the rheological behavior of the suspension, is the viscosity, U 0 is the withdrawal speed, is the specific mass of the suspension, g is the acceleration due to gravity and n is a power index (usually 0.50~0.67 for polymeric systems [12] ). A linear regression analysis of the film thickness data ( Figure 7 ) yielded a power index n of 0.11. This is much lower than the values reported by Brinker et al [12] ; the difference is almost certainly attributable to differences in the base suspensions. In general, thicker films are preferred for dielectric and insulation applications [25, 26] . Equation (3) implies this goal can be accomplished by increasing the viscosity of starting suspension [17] . However, dip-coated films, prepared from the 20 vol% ceramic-loaded suspension (the most viscous suspension used in the present study), exhibited poor surface uniformity, and in some cases spalling of the film occurred after sintering. Similarly, Sonawane et al [27] found that dipcoated TiO 2 films, prepared from highly viscous suspensions, were of poor quality and tended to detach from the steel substrates after sintering. Lee et al [17] suggested the spalling or detachment of the dip-coated material occurs because the adhesive force is much lower than the cohesive force in the solid film after sintering. Thus, for the present system, a suspension having 15 vol% ceramic loading is considered to be optimum for dip coating. The films prepared from this suspension were typically 47.1±4.3 m thick and uniform in texture, with good adhesion.
Physical factors influencing the performance of the deposited insulating film, particularly the breakdown characteristics, include insulation thickness [26, 28, 29] and relative density [30] . Many investigators demonstrated that a high relative density (effectively low porosity) can suppress discharges in ceramic insulators, resulting in improved dielectric strength [29, 31, 32] . It is therefore important to know the densities of the sintered ceramic films. Relative densities of the sintered films were estimated using an image analysis method, by determining the volume fractions of ceramic particles and the porosity. Images of the films were analyzed by Image J software, with at least 20 estimations on each sintered film image. Table 2 shows that sintered densities of the films were in the range 51 to 64% theoretical, and increased with the viscosity of the starting suspension. This trend is consistent with that found by Valentini et al [33] for dip-coated (Al 2 O 3 ) films on steel substrates. The relatively low density for the present samples (Table II) may be related to the low sintering temperature (500 ºC). In principle, improved densification of the coatings could be achieved by increasing the sintering temperature [6] . Unfortunately, the dip-coated films, sintered at 550 ºC, exhibited cracks and poor adhesion to the Ni substrates. There are two possible mechanisms leading to cracking of the films co-fired at higher temperatures: (a) there is volume shrinkage of the films during sintering [34, 35] , and possibly mismatch [36] between the thermal expansion coefficients of the Ni (13 ppm·K -1 ) and the ceramic material (4.7 ppm·K -1 [37] ); (b) the growth of nickel oxide film at higher temperatures could undermine the adhesion between the top ceramic film and the Ni substrate, causing cracking of the co-fired coatings. If the latter mechanism dominates, it will be worth considering co-firing in a low oxygen atmosphere to prevent cracking of films sintered at higher temperatures.
Although the dip-coated films, sintered at 500 °C, exhibited relatively low densities, they had good adhesion to the Ni substrates. As the latter is an important characteristic for films intended for use in vibrational machines [38] , a sintering temperature of 500 °C was adopted for processing these ceramic films. Table 3 presents the breakdown voltages and thickness data for the dip-coated films. It is seen that an increase in film thickness leads to an increase in the average breakdown voltage of the insulating films. Olding et al [26] reported a similar trend for alumina-silica films on steel substrates.
BREAKDOWN CHARACTERISTICS OF DIP COATED FILMS ON NI PLATES
From breakdown voltage and film thickness data, the dielectric strength was determined using Equation (1) . The results are shown in Fig. 8 . The dielectric strength decreased with increasing the film thickness, consistent with earlier investigations for a variety of solid insulators (e.g. MgO, La 2 O 3 , Al 2 O 3 ) [28, 29, [39] [40] [41] [42] . In general, the presence of defects (e.g. pores, cracks) in a solid polycrystalline insulator can lead to air being trapped in the insulators. As air has a much lower dielectric constant ( air =1) than that of the surrounding solid, electric fields tend to concentrate at the defects, initiating the breakdown of the solid insulator. By increasing the thickness of the solid insulator/insulation film, there is an increase in the absolute number of defects; this therefore leads to a decrease of dielectric strength in a thicker insulating material/film [6] . Such phenomena can be found in both the present dip-coated film system and other breakdown investigations [28] [29] [30] [31] [32] . The dielectric strength results can be summarized in terms of a power dependence law [40] given by equation (4): where E b is the dielectric strength, d is the coating thickness and is a power factor, varying 0.23 to 0.66 for most ceramic insulators [15, 28, 29, 41, 42] . A linear regression analysis of the dielectric strength data ( Figure 8 ) gave an value of 0.24, consistent with the findings of Singh [34] for MgO thin films. However, this value is much lower than that found by Wang [37] for bulk ceramics ( =0.5 for the bulk ceramic). It therefore appears that bulk/extrinsic defects (e.g. pores and grain boundaries) play a less dominant role in the breakdown of thin films, causing the dielectric strength to be less dependent on the film thickness (thus smaller value) [33] .
MORPHOLOGY OF CERAMIC-COATED WIRES
As the work on coated discs indicated that the 15 vol% solid loaded suspension to be optimal for dip coating this ceramic, the same suspensions were employed for dip coating the Ni coated Cu wires. Figure 9 shows images of the resulting coated wire after heat treatment. The low magnification image (Figure 9a) shows the surface of the dip-coated wire was uniform without major cracks. Table 3 ). This suggests the processing parameters from the work on the Ni discs, are directly transferrable to the production of ceramic-coated wires.
BREAKDOWN TESTS FOR CO-FIRED WIRES
The thicknesses, breakdown voltages and dielectric strengths of LTCC films on Ni discs and those on Ni-coated Cu wires are shown in Table 4 . Data for the dielectric strength of the bulk LTCC ceramic (from our earlier work [37] ) is also presented for comparison purposes. The similarity in the thickness of the films and resulting dielectric breakdown strengths of coatings on discs and wires is further reassurance that the dip coating processing is transferable and appropriate for this ceramic formulation.
It is noted that the breakdown strength of the LTCC films on the Ni discs and those on conductor wires were higher than the value obtained for the bulk material. This reflects the effect of specimen thickness on the dielectric strength.
The present wire coating exhibited a high breakdown voltage of 798 V. This is superior to a number of alternative candidates [20] . Hence, the Ni coated conductor wire with a thick layer of LTCC material exhibits encouraging electrical properties and potential for high temperature electrical wire applications.
CONCLUSIONS
(1) Homogenous LTCC films of uniform thickness and acceptable density (51.3-64.6%) were deposited on Ni substrates by dip-coating suspensions containing 5 to 20 vol% ceramic powders based on 11ZnO-10MoO 3 formulations.
(2) The dip-coated films prepared from the suspension of 15vol% ceramic powders exhibited an average thickness of 47.1 m, good surface uniformity and adequate adhesion to the substrate. The 15 vol% ceramic-loaded suspension is considered to be optimal for dip coating.
(3) The dip-coated films on Ni discs exhibited dielectric strengths in the range 24.2 to 43.6 kV·mm -1 . These values are adequate for insulation applications.
(4) Ceramic coatings were applied to Ni-coated Cu conductors by withdrawing the wires from suspension containing 15 vol% LTCC powder, followed by heat treatment at 500 ºC. The resulting wire showed an insulation thickness of 40.3 m and a breakdown voltage of 798 V. These wires exhibited superior breakdown characteristics to a number of other candidate high temperature wires, demonstrating potential for high temperature, high-voltage applications.
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